q Mycobacterium tuberculosis Beijing strains represent targets of special importance for molecular surveillance of tuberculosis (TB), especially because they are associated with spread of multidrug resistance in some world regions. Standard 24-locus mycobacterial interspersed repetitive-unit-variable-number tandem-repeat (MIRU-VNTR) typing lacks resolution power for accurately discriminating closely related clones that often compose Beijing strain populations. Therefore, we evaluated a set of 7 additional, hypervariable MIRU-VNTR loci for better resolution and tracing of such strains, using a collection of 535 Beijing isolates from six world regions where these strains are known to be prevalent. The typeability and interlaboratory reproducibility of these hypervariable loci were lower than those of the 24 standard loci. Three loci (2163a, 3155, and 3336) were excluded because of their redundant variability and/or more frequent noninterpretable results compared to the 4 other markers. The use of the remaining 4-locus set (1982, 3232, 3820, and 4120) increased the number of types by 52% (from 223 to 340) and reduced the clustering rate from 58.3 to 36.6%, when combined with the use of the standard 24-locus set. Known major clonal complexes/ 24-locus-based clusters were all subdivided, although the degree of subdivision varied depending on the complex. Only five single-locus variations were detected among the hypervariable loci of an additional panel of 92 isolates, representing 15 years of clonal spread of a single Beijing strain in a geographically restricted setting. On this calibrated basis, we propose this 4-locus set as a consensus for subtyping Beijing clonal complexes and clusters, after standard typing.
S
tandardized molecular surveillance of infectious diseases is gaining increased importance, especially in the context of globalization and (re-)emergence of some pathogens. This is particularly true for tuberculosis (TB). The complex epidemiology of the disease, linked to the highly variable period of subclinical chronic infection before activation toward contagious states, requires efficient tools to estimate the dynamics of transmission in human populations. The steadily rising threat of multidrug-resistant (MDR) and extremely drug-resistant (XDR) strains of the causative agent, Mycobacterium tuberculosis, in a number of world regions further accentuates the need for more fine-tuned molecular tracing, in order to better detect, prevent, and understand the reasons for the spread of particular clones locally and globally.
Because of its portable data format and relatively high resolution power for many microbial species, multiple-locus variablenumber tandem-repeat analysis (MLVA) (1) has become a widely used method for pathogen typing. A format targeting 24 variablenumber tandem-repeat (VNTR) markers, including genetic elements called mycobacterial interspersed repetitive units (MIRUs), has been internationally standardized for typing of M. tuberculosis (2) . This format, optionally combined with spoligotyping, has been shown to have a predictive value nearly similar to that of standard IS6110 restriction fragment length polymorphism (RFLP)-based typing for tracing TB transmission at population-based and even nationwide levels in several Western European settings (e.g., references 3 to 7). Because of its shorter time-to-result, especially when using marker multiplexing on automated DNA analyzers, standard MIRU-VNTR typing, often complemented by spoligotyping (8) , has therefore largely replaced IS6110-RFLP in molecular epidemiological surveillance programs, e.g., at the U.S. CDC (9) and the ECDC (http: //www.tuberculosis.rivm.nl/).
However, several studies suggested that 24-locus MIRU-VNTR typing can lack resolution power for discriminating closely related clones of the M. tuberculosis Beijing lineage (5, (10) (11) (12) (13) (14) (15) (16) (17) (18) . This lineage constitutes the bulk of the East Asian lineage of M. tuberculosis (19) . It is of special interest as it is dominant in large regions of the world, including East Asia, Russia and the Commonwealth of Independent States (CIS) countries, and South Africa, and, in the Western world, among TB patients originating from these regions. Beijing strains have been associated with large outbreaks and rapid spread of MDR TB in different geographic regions (reference 20 and references therein). So-called hypervariable MIRU-VNTR loci (2), because of their higher variability than that of the 24 standardized loci, have been tested and used to increase discriminatory power on Beijing strains (5, (10) (11) (12) (13) (14) (15) (16) (17) (18) 21) . Nonetheless, intra-and interlaboratory analyses suggested lack of reproducibility and robustness of results based on at least some of these hypervariable loci, questioning their informative value and justifying their exclusion from the standard 24-locus set for firstline typing (2) . As previous studies evaluated hypervariable loci separately based on isolates from specific areas, and in most cases without parallel estimation of their reproducibility and longitudinal stability to trace transmission chains, no consensus was made on potentially usable loci and on the actual extent and epidemiological relevance of their additional resolution power.
Here, we evaluated the additional discriminatory power provided by a total of 7 candidate hypervariable loci, as compiled from all previous relevant studies, as well as their technical applicability and interlaboratory reproducibility compared to the standard 24-locus set. This evaluation was conducted multicentrically in parallel by Genoscreen and 6 different reference laboratories, on a global sample of more than 500 M. tuberculosis Beijing isolates from six different world regions where this lineage is prevalent. In addition, we measured the clonal stability of the hypervariable and standard markers in a genuine longitudinal outbreak context, by testing 92 isolates from a unique, geographically restricted epidemic, representing 16 years of clonal spread of a single Beijing strain (22) . Our results define a consensus subset of hypervariable loci proposed to be used for second-line typing of M. tuberculosis Beijing isolates.
MATERIALS AND METHODS
Isolates and genomic DNA samples. The origin of the isolates and the corresponding sampling modalities are described in Table 1 . Seventy-six to 94 genomic DNA samples, obtained by crude extraction after heat inactivation or by purification (23) from cultured isolates, were initially selected by each of 6 reference laboratories, making a total of 546 samples composing the "reproducibility panel." The isolates had been identified by the laboratories as Beijing strains, by detection of a typical spoligotype containing at least three of the spacers of the spacers 35 to 43 and none of the spacers 1 to 34 and/or typical IS6110 fingerprints, as defined in references 24 and 25. The corresponding 24-locus MIRU-VNTR genotypes were additionally analyzed on the MIRU-VNTRPlus database as described previously (26, 27) , in order to confirm this lineage identification. From this panel, 12 isolates were subsequently excluded after actual identification of another lineage than Beijing, after detection of double alleles in two loci or more of the 24 standard loci (indicative of the presence of two independent strains [28] in the isolate), or after nonamplification of more than two standard loci and/or more than two hypervariable loci suggestive of genomic DNA quality problems. After additional inclusion of one representative of the outbreak panel (see below), a total of 535 M. tuberculosis Beijing isolates were then retained to constitute a second strain panel designated the "global panel," used to evaluate interstrain marker variability and resolution power. A third panel, designated the "outbreak panel," included 92 other genomic DNA samples from Beijing isolates all obtained from different patients, covering a 16-year time span (i.e., 1993 to 2008) of a longitudinal outbreak after a single clonal introduction on Gran Canaria Island (22) . The clonality of these isolates was previously confirmed by PCR interrogation of a strain-specific IS6110 insertion site, in addition to IS6110 RFLP analysis (29) .
Genotyping. MIRU-VNTR typing was performed at Genoscreen on a total of 638 isolates and in parallel by each reference center on its own isolate set (except for the outbreak panel, for which typing was performed only at Genoscreen). Typing at Genoscreen was performed using capillary electrophoresis on a 3730-XL DNA analyzer (ABI) and under the conditions of a commercially available typing service and kit, optimized from reference 2. Typing with the standard markers in the reference laboratories was performed using capillary electrophoresis on a 3130-XL DNA analyzer (ABI) and the commercially available kit (n ϭ 2), or in-house protocols adapted from reference 2, combined with capillary electrophoresis on a Beckman Coulter CEQ8000 DNA analyzer (n ϭ 1) on the SV1210 system (Hitachi) (n ϭ 1), or electrophoresis on agarose gels (n ϭ 2). For the analysis of the hypervariable loci, the same electrophoresis platforms were used by the respective laboratories, using either previously published primers and protocols (14, 15, 30) (n ϭ 3) or protocols and primers used or newly designed by Genoscreen (n ϭ 3) ( Table 2 ). To homogenize the counting of repeat units especially for loci containing partial repeats (e.g., locus 0580, alias MIRU 04/ETR-D, or locus 3232, alias QUB-3232), a standard allele calling system (2) was used for the 24 standard markers, while the system used for the hypervariable loci was based on analysis of H37Rv genome sequence and conventions described in Table 2 . The corresponding conventional genotype of the reference strain M. tuberculosis H37Rv was sent to each laboratory to verify and ensure consistent allele calling. Genotyping at Genoscreen was initially performed blinded to the results obtained by the respective participating laboratories. Discordant genotyping results between Genoscreen and these laboratories were subsequently reviewed in parallel, and consensus corrections were performed, when necessary.
Genotyping data analysis. Unweighted pair group method with arithmetic mean (UPGMA)-based cluster analysis, minimum spanning tree analysis, and determination of the frequencies of single-locus variations (SLVs) were performed using Bionumerics v6.5 (Applied Maths, Belgium) and a categorical coefficient. For samples with missing alleles (at most 2; see above), loci with missing information were not considered for cluster analysis. Assignment to MLVA Mtbc 15-9 genotypes was based only on complete 24-locus genotypes. The MIRU-VNTR allelic diversity (H) at a given locus was calculated as
, where xi is the frequency of the ith allele in the population and n is the number of isolates.
RESULTS

Typeability and reproducibility.
The typeability and reproducibility of standard and hypervariable markers were analyzed on the reproducibility strain panel of 546 isolates, by comparing the results respectively obtained by the reference centers on their own isolate set with those obtained at Genoscreen. The average typeability (as defined by detection of an allele after PCR amplification) per marker ranged from 96.9 (2163a) to 99.7% (3336 and 3155) for the hypervariable markers (average of 98.8%), slightly lower than the 97.6 (3192) to 100% (10 out of 24 markers) range of the 24 standard markers (average, 99.3%) (see Fig. S1a in the supplemental material). Locus 2163a was particularly prone to lack of amplification; amplification of large, nonsizable fragments (i.e., Ͼ1,400 bp); or a noninterpretable multibanded pattern with no clear, typical stutter peak pattern (31) (see Table S1 ). For the 24 standard markers, these limited typeability problems were discernibly skewed by results obtained by one particular laboratory, accounting for 53 of the 75 PCR failures detected among 9,936 individual amplifications (total failure rate of 0.8%). Amplification problems tended to be more equally distributed among laboratories for the hypervariable loci, although the same laboratory encountered more frequent problems (12 failures out of a total of 31, for 2,694 amplifications; total failure rate of 1.2%) (see Fig.  S1b ).
The average reproducibility per locus reached 98.6% for the standard 24 loci, ranging from 90.9% (locus 0577) to 100% (three loci) (see Fig. S1c in the supplemental material) . The average reproducibility of the 7 hypervariable loci was substantially lower (91.9%), ranging from 68.8% (locus 3820) to 98.6% (loci 1982 and 3155). However, for both the standard and hypervariable loci, the discordances were again clearly more frequent for one laboratory, where 86 of the 138 and 106 of the 217 deviating results were obtained for the 24 standard and the 7 hypervariable markers, respectively (see Fig. S1d ).
Marker resolution power and variability. The variability and resolution power of the standard and hypervariable marker sets were evaluated on the global strain panel that included a total of 535 isolates, resulting from exclusion of 12 problematic samples from the reproducibility panel and inclusion of one representative of the outbreak panel (see Materials and Methods).
In this panel, the 24 standard markers resolved 223 types; 161 were unique and 62 were in clusters, of which 7 included from 10 to 75 isolates. In comparison, 253 types were detected using the full hypervariable set alone, including 186 unique and 67 clustered types. Similarly to the results obtained for the standard markers, 7 clusters included more than 10 isolates and up to 69 for the largest cluster. Combining the 31 markers from both sets resulted in the maximal apparent resolution power, as reflected both by the highest number of types (n ϭ 343) and unique types (n ϭ 289) and by the lowest number of clustered types (n ϭ 54) (Fig. 1) .
We examined the contribution of individual loci to the total discriminatory power, by looking at their respective allelic diversities (as visualized by the allelic distributions represented on Table S1 in the supplemental material) and at frequencies of single-locus variations (SLVs) (Fig. 3) , indicating when the locus considered was indispensable for distinguishing two types differing by only a single marker. Among the standard 24 loci, as expected from results from previous studies Consensus Hypervariable MIRU-VNTR Loci from 0.00 to 0.28 at most, with markers rarely to never involved in SLVs (from 0 to 3 events for 8 markers; 6 for locus 3007).
Among the 7 markers of the hypervariable set, according to the same allelic diversity and SLV frequency parameters ( Fig. 2 and 3) , three markers (3232, 3820, and 4120) were clearly above any of the 24 standard markers, with allelic diversities of up to 0.83 and 30 SLVs (3232). A fourth one (1982) ranked among the most variable standard loci in terms of allelic diversity (0.65), and 4 SLVs based on this marker were detected. In contrast, the diversity of 2163a (0.42) was not superior to average values seen among the 15 standard discriminatory markers; 3 SLVs based on this marker were detected. Loci 3155 and 3336 displayed low diversities of 0.22 and 0.18, respectively, and were not involved in any single-locus variation over the global strain panel.
We analyzed the frequencies of double alleles detected in a single marker in some isolates, as a reflection of the marker variability by microevolution in a clonal subpopulation (11, 32) . Consistently, double alleles were observed substantially more often among the hypervariable loci (33 occurrences among 5 of the 7 loci) than among the standard loci (16 occurrences among 7 of the 24 loci, which were all part of the discriminatory subset of 15 loci) (see Fig. S2 in the supplemental material).
We then examined in more detail the resolution power provided by the combination of the 24 markers with the hypervariable set restricted to 4 loci (1982, 3232, 3820, and 4120), after subtracting loci 3155, 3336, and 2163a, which show very limited to no contribution to the total resolution power (and, for 2163a, also showing more frequent amplification problems; see above). As expected, the total numbers of types (n ϭ 340) and numbers of unique (n ϭ 286) and clustered (n ϭ 54) types were almost identical to the same parameters measured for the 31 loci (Fig. 1) .
Finally, we evaluated the capacity of this 4-locus hypervariable set to subdivide some of the major Beijing clusters and genotypes, as defined by the standard 24 loci and the MIRU-VNTRPlus MLVA Mtbc 15-9 database nomenclature (26, 27) and containing from 7 to 73 isolates (note that a few samples with one or two missing alleles were not included in this analysis) in this global panel. Among the 7 largest clusters involved, 5 (i.e., 100-32, 94-32, 1065-32, 342-32, and 898-32) were of clear supranational distribution, with at least three collection sites represented in each case. Of these, clusters of 54 "94-32" and 7 "898-32" isolates were largely subdivided by the 4-locus hypervariable set into 24 and 5 subtypes, respectively, and a cluster of 11 "342-32" isolates was fully split (Fig. 4) . In contrast, clusters of 73 "100-32" and of 14 "1065-32" isolates were subdivided to a lesser extent into 10 and 3 subtypes, respectively. The two remaining largest clusters, 1465-33 and 5143-32, were mostly of regional prevalence, representing essentially South Africa and including each a single isolate from another site. The cluster of 28 "1465-33" isolates was relatively efficiently subdivided into 10 subtypes, though without separation of the single isolate from Central Russia from those of South Africa. The cluster of 15 "5143-32" isolates was split into only three subtypes, but with separation of the single isolate from Singapore.
Longitudinal stability of markers. The longitudinal stability of the standard and hypervariable markers was evaluated by typing, at Genoscreen, of the outbreak panel from Gran Canaria. This panel included patient isolates collected at early (1993 to 1996, n ϭ In comparison, five changes were detected among the hypervariable loci among the same isolates, corresponding to a rate of allele change of 0.7% (5 out of 92 ϫ 7 ϭ 644 alleles) (Fig. 5B) . Four changes concerned the consensus set of markers: locus 3232 was involved twice (in one isolate obtained in 1999 and one in 2002, respectively), while 1982 (isolate of 1999) and 3820 (isolate of [2007] [2008] were each involved once. The remaining change was detected in locus 3336 (in one isolate of [2007] [2008] , which is excluded from the consensus set. Of note, the results of locus 2163a could not be interpreted for any of these 92 isolates, as a nonreliably sizable fragment of more than 1,400 bp was amplified in all cases.
Interestingly, the core 24-locus genotype of the Gran Canaria outbreak isolates was shared by two isolates from another and distant site, i.e., Northwest Russia. Both isolates were distinguished from the Gran Canaria group (and from each other) by the 4-locus hypervariable set.
DISCUSSION
Because M. tuberculosis Beijing strains spread in some world regions in association with drug resistance and have been associated with clinical or physiopathological manifestations suggestive of higher virulence in epidemiological or animal model studies (reviewed in reference 24), they represent special targets for epidemiological surveillance and control. However, accurate molecular tracing of Beijing clones and delineation of outbreaks caused by such strains are complicated by the remarkable genetic homogeneity and the widespread geographic distribution of some clonal complexes. Here, based on a multicenter study involving 7 internationally recognized centers, we evaluated and defined a consensus 4-locus set of hypervariable MIRU-VNTR loci (1982, 3232, 3820, and 4120) that, when used in complement to standard 24-locus based MIRU-VNTR typing, (i) substantially improve the resolution power on the Beijing strain population, in particular of some major clonal complexes; (ii) still retain sufficient clonal stability to follow epidemic spread of a particular strain over time; and (iii) have a relatively limited cost in terms of typeability and (inter-)laboratory reproducibility problems, under well-controlled technical conditions.
Crucially, in contrast to previous studies looking at smaller strain populations from single regions, the additional discriminatory power provided by the hypervariable loci was evaluated on a global sample of 535 isolates from different world regions or patient populations with an especially high prevalence of Beijing strains, i.e., mainly from Northwest and Central Russia, Japan, Singapore, South Africa, and MDR-TB patients from Germany. The present panel is known to contain the major genetic branches of the Beijing strain population seen in over more than 50 countries worldwide (T. Wirth, personal communication). On this representative sample, secondary typing using the consensus set of 4 hypervariable loci allowed us to increase the number of types by 52% (from 223 to 340) and accordingly reduced the clustering rate from 58.3 to 36.6%, compared to the standard 24-locus set used alone.
Most of the isolates of this panel were obtained from patients presumed or found to be epidemiologically unlinked, with the exception of 13 isolates in 5 clusters from Singapore. For the latter isolates, genotype identity based on the 24 standard and 4 (or 7) hypervariable loci was confirmed by posterior indication of an epidemiological linkage. A number of other isolates were found to represent the same major Beijing clonal complexes as identified by IS6110 RFLP and 24-locus MIRU-VNTR typing. For instance, the clonal complex defined by 24-locus genotype 100-32 represents the major part of the successful Russian clone B0/W148 (33), while 94-32 (20) is widespread in Central Asia. Clonal complexes represented by genotypes 5143-32 and 1465-33 are prevalent regionally in South Africa (15) . The 4-locus hypervariable set specifically subdivided all the corresponding major 24-locus-based clusters in this global panel but to variable extents. Some, including clusters/genotypes 94-32 and 1465-33, were largely or fully subdivided, with, in 3 out of these 4 cases, multiple occurrences of variations in two or more loci in pairwise comparisons between isolates (Fig. 4) . In contrast, other clusters, including the most prominent Beijing clonal complex 100-32 and 5143-32, were split into proportionally much fewer subtypes, with mostly single-locus variations between a few individual subtypes and a dominant central subtype.
Not a single instance of double (or more)-locus variations was observed, for both the standard 24-locus and the hypervariable sets, in our outbreak panel of 92 isolates capturing the expansion of a single clone over 16 years. This finding, based on a specific Beijing background, is fully consistent with our analyses of 12-or 24-locus genotypes of Ͼ300 isolates from genetically diverse clusters with proven epidemiological links and sets of clonal serial isolates covering time periods of up to 7 years, where neither double-locus nor more-locus variations were observed (2, 34) . Thus, although hypervariable loci have a higher evolutionary rate than the standard markers (see below), the same threshold of doublelocus (or more) variations can be used for highly reliable exclusion of an epidemiological link between isolates, as for standard 24-locus typing (2) . Therefore, patterns of large subdivision with multiple double or more variations among hypervariable 4-locus subtypes, seen, e.g., for 24-locus-based genotype 94-32, represent strong evidence that the detected subtypes reflect in many cases distinct clones with no direct epidemiological links. Such clones are more distant than could be anticipated based on 24-locus data.
Five instances of single-locus variations were nevertheless observed among the 92 isolates of the outbreak panel in the hypervariable 4-locus set, versus 4 among the 24 standard loci (which is also fully in line with the approximately 5% of single-locus variations previously measured among 12-or 24-locus genotypes from epidemiologically proven clusters and serial isolates [2, 34] ). As expected for mutations occurring stochastically over such an evolutionary scale, these changes were observed at early, intermediate, or late time points. Although the rate of allele change in the hypervariable set is about three times higher than that of the standard set (taking into account the number of loci in the respective sets), this frequency of single locus variation distributed over a period of 16 years remains relatively low. Hence, even for hypervariable loci, at least in the absence of further specific epidemiological or contact tracing evidence, the definition of molecular clustering should remain restricted to full identity of the markers, as for standard 24-locus typing (2, 35) . Indeed, under this definition-calibrated on the actual drift measured during clonal expansion-the cost in terms of false exclusion of a link in the case of a rare single-locus clonal drift will still be far less than the cost of false clustering to expect if single-locus variations were allowed for defining clusters. As additional examples of their probable epidemiological relevance in frequent cases, single-locus variations in the 4-locus set allowed us to distinguish one single isolate from Singapore and another single isolate from Northwest Russia, from the large 24-locus clusters including isolates from South Africa (i.e., 5143-32) and Gran Canaria (i.e., in the outbreak panel), respectively.
Out of the 7 markers tested in total, 3 were excluded from the proposed consensus set, for several reasons. Their variation was fully (for 3155 and 3336) or almost fully (for 2163a) redundant compared to that generated by the consensus set. Their exclusion thus marginally impacted the total number of types obtained among the 535 isolates of the global panel (340, versus 343 before their exclusion). The exclusion of 2163a is further justified by more frequently detected problems, such as lack of amplification; amplification of large, nonsizable fragments (as seen, e.g., for all the 92 isolates from the outbreak panel); or noninterpretable multibanded pattern.
As expected from previous studies (2), the typeability and the interlaboratory reproducibility obtained with the 4 hypervariable loci retained in the consensus were lower than those obtained with the standard 24 loci in this multicentric study. This lower reproducibility reflected the higher frequency of large alleles, which are more difficult to size when using agarose gels or even capillary DNA analyzers without proper calibration. In addition, the frequency of double alleles is higher for these loci, reflecting a higher rate of clonal drift as expected, which might be a source of more frequent mistakes if not properly noticed. For these reasons, we recommend the use of these hypervariable loci as a subtyping method of Beijing clones and clusters, after 24-locus typing. Nevertheless, in order to more reliably exploit the resolution power provided by the consensus set, commercially available kits have been subsequently developed, including specific allelic ladders for proper calibration of the sizing on capillary systems and a robust single 4-plex assay of the 4 target loci. Of note, at least three of the four consensus loci (i.e., 3232, 3820, and 4120) have also been recently recommended for subtyping of Beijing strains in China (36) . In principle, these loci could be used as well for subtyping isolates of other M. tuberculosis lineages, although their informative value and the technical ease would remain to be established in these cases. In conclusion, our study proposes a consensus set of 4 hypervariable MIRU-VNTR loci for epidemiologically relevant subtyping and international tracing of Beijing clonal complexes/clones that are prevalent in and/or across different world regions. This typing tool might further help ensuring the transition until wholegenome sequence analysis might become universally accessible and applicable for molecular biology-guided TB surveillance (e.g., references 37 and 38).
